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Epidemiologic and mechanistic evidence suggests that folate is involved in colorectal neoplasia. Some 
polymorphic genes involved in folate metabolism—methylenetetrahydrofolate reductase (MTHFR C677T and 
A1298C), methionine synthase (MTR A2756G), methionine synthase reductase (MTRR A66G), cystathionine β-
synthase (CBS exon 8, 68-base-pair insertion), and thymidylate synthase (TS enhancer region and 3′ 
untranslated region)—have been investigated in colorectal neoplasia. For MTHFR C677T and A1298C, the 
variant allele is associated with reduced enzyme activity in vitro. For the other polymorphisms, functional data are 
limited and/or inconsistent. Genotype frequencies for all of the polymorphisms show marked ethnic and 
geographic variation. In most studies, MTHFR 677TT (10 studies, >4,000 cases) and 1298CC (four studies, 
>1,500 cases) are associated with moderately reduced colorectal cancer risk. In four of five genotype-diet 
interaction studies, 677TT subjects who had higher folate levels (or a “high-methyl diet”) had the lowest cancer 
risk. In two studies, 677TT homozygote subjects with the highest alcohol intake had the highest cancer risk. 
Findings from six studies of MTHFR C677T and adenomatous polyps are inconsistent. There have been only one 
or two studies of the other polymorphisms; replication is needed. Overall, the roles of folate-pathway genes, 
folate, and related dietary factors in colorectal neoplasia are complex. Research priorities are suggested. 

CBS; colorectal neoplasms; epidemiology; folic acid; MTHFR; MTR; MTRR; TS 

Abbreviations: CBS, cystathionine β-synthase; CI, confidence interval; MSI, microsatellite instability; MTHFR, 
methylenetetrahydrofolate reductase; MTR, methionine synthase; MTRR, methionine synthase reductase; OR, odds ratio; 
rpt, repeat; TS, thymidylate synthase. 

Editor’s note: This article is also available on the Web site 
of the Human Genome Epidemiology Network  (http:// 
www.cdc.gov/genomics/hugenet/default.htm). 

Evidence is accumulating for a role of folate in the 
etiology of colorectal carcinomas and adenomas (1). Many 

of the genes involved in folate metabolism are polymorphic 
(2). This paper reviews five polymorphic genes—methyl-
enetetrahydrofolate reductase (MTHFR), methionine syn­
thase (MTR), methionine synthase reductase (MTRR), 
cystathionine β-synthase (CBS), and thymidylate synthase 
(TS)—and their associations with colorectal neoplasia. 

Correspondence to Linda Sharp, Epidemiology Group, Department of Medicine and Therapeutics, University of Aberdeen, Polwarth Building, 
Foresterhill, Aberdeen AB25 2ZD, Scotland (e-mail: L.Sharp@abdn.ac.uk). 
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FIGURE 1. The roles of the methylenetetrahydrofolate reductase, methionine synthase, methionine synthase reductase, cystathionine β-
synthase, and thymidylate synthase genes in the metabolism of folate. 

GENES 

5,10-MTHFR plays a central role in folate metabolism 
(figure 1), irreversibly converting 5,10-methylenetetrahy-
drofolate to 5-methylenetetrahydrofolate, the primary circu­
lating form of folate. The substrate is vital for DNA 
synthesis. The product provides methyl groups for synthesis 
of methionine, a decreased pool of which may affect DNA 
methylation. The gene encoding 5,10-MTHFR, MTHFR, is 
located at 1p36.3 (3). 

MTR, which is essential for maintaining adequate 
intracellular folate pools, catalyzes the remethylation of 
homocysteine to methionine, required for production of S­
adenosylmethionine, the universal methyl group donor. 
Vitamin B12 is a cofactor in this methylation process. The 
MTR gene is on 1q43 (4). MTR is maintained in its active 
form by MTRR (5), the gene for which, MTRR, is located at 
5p15.3–p15.2. CBS catalyzes the conversion of homocys­
teine to cystathionine; vitamin B6 is required in this reaction. 
The CBS gene is at 21q22.3. TS catalyzes the conversion of 
deoxyuridine monophosphate to thymidine monophosphate, 
requiring 5-10-methylenetetrahydrofolate as a methyl donor. 
The TS gene is located at 18p11.32. 

Folate status could potentially be perturbed by polymor­
phisms in these genes. Two mechanisms have been proposed 
by which folate deficiency could affect malignancy: 1) by 
causing DNA hypomethylation and proto-oncogene activa­
tion and/or 2) by inducing uracil misincorporation during 

DNA synthesis, leading to catastrophic DNA repair, DNA 
strand breakage, and chromosome damage (6). Human 
evidence in support of these mechanisms is limited (6, 7). 

GENE VARIANTS 

This section describes polymorphisms in the genes and 
their functional effects. With the exception of MTHFR, rela­
tively few studies have investigated relations between the 
polymorphisms and blood levels of folate and related bio­
markers in nondiseased persons. In subjects with medical 
conditions, it is possible that the condition or its treatment, 
rather than the underlying genotype, influences biomarker 
levels. Many studies have been small, with limited statistical 
power. A potential difficulty in interpretation is that any 
observed difference in biomarker levels by genotype may 
not be due to the polymorphism under study but to the pres­
ence of another polymorphism. Equally, a failure to observe 
differences in biomarkers by genotype could be due to the 
presence of another polymorphism with opposing functional 
effects. So far, there has been little investigation of the 
effects of combinations of polymorphisms. With regard to 
MTHFR C677T, only red cell folate measured by microbio­
logic assay is reliable; results of the radioimmune assay are 
biased (8). There is differential detection by the assays of 
various intracellular folates, the distribution of which is 
related to MTHFR genotype (9). Whether red cell folate 
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results measured by radioimmunoassay are biased for other 
polymorphisms in the folate-pathway genes is not known. 

MTHFR 

Several polymorphisms in the MTHFR gene have been 
reported, and two have been investigated in colorectal 
neoplasia: 1) C→T at nucleotide 677, leading to an alanine 
to valine conversion in the protein (10); and 2) A→C in exon 
7, causing an alanine to glutamate protein change (11, 12). 
These polymorphisms are located 2.1 kb apart. The other 
polymorphisms—T1059C, T1317C, and G1793A (12– 
14)—are not discussed further in this paper. 

For C677T, compared with homozygotes for the common 
variant (CC), heterozygotes have 65 percent of their enzyme 
activity levels in vitro and those who are homozygous 
variant (TT), 30 percent (15). From the microbiologic assay, 
compared with CC homozygotes, heterozygotes have 10 
percent lower and TT homozygotes 18 percent lower red cell 
folate levels (16). Persons with the TT variant also have 
lowered plasma folate and vitamin B12 levels and raised 
homocysteine levels (17, 18). In two studies, the association 
with homocysteine held only when folate status was low (19, 
20); in another, it occurred only when riboflavin status was 
poor (21). Regarding MTHFR and DNA methylation, one 
small study found that DNA from subjects with the TT 
variant had a significantly higher methyl group acceptance 
capacity than DNA from subjects with the CC variant (22), 
but this finding was not confirmed in a larger study (23). In 
292 subjects (66 percent of whom had coronary atheroscle­
rosis) selected by MTHFR genotype (187 CC, 105 TT), DNA 
methylation status was affected by genotype among only 
those with lower plasma folate levels; subjects with the TT 
variant who had lower plasma folate concentrations had 
lower methylation levels than all other groups of subjects 
(24). A few studies have investigated MTHFR and uracil 
misincorporation, DNA strand breaks, or genetic instability 
in vivo and in vitro, with inconclusive results (23, 25–27). 

For A1298C, enzyme activity in vitro is decreased in 
homozygotes variants (CC) and, to a lesser extent, in 
heterozygotes compared with those without the variant (11). 
Studies of A1298C and plasma folate and homocysteine are 
inconsistent (12, 28–31), which may be due to methodolog­
ical reasons (e.g., non-population-based study, small sample 
size), or it may be that there is a relation that depends on the 
status of folate and/or related nutrients. Enzyme activity in 
vitro for compound heterozygotes (i.e., heterozygotes for 
C677T and for A1298C) is unclear (29). 

MTR 

The A-G polymorphism at position 2756 in the protein 
binding region of MTR replaces aspartic acid with glycine 
(32). Most studies suggest that plasma homocysteine level is 
lower in those with the rarer, G, than the more common, A, 
allele (18, 33–36). One study found significantly higher 
plasma folate levels in GG than in AA subjects (34), but this 
finding was not observed in another study (18). Evidence on 
red cell folate and on plasma vitamin B12 and vitamin B6 is 
very limited (18, 35, 37). 

MTRR 

The A66G polymorphism in the MTRR gene results in the 
substitution of isoleucine with methionine at codon 22 (5). In 
two studies, subjects homozygous for the common allele 
(AA) had elevated homocysteine levels compared with those 
who had other genotypes (38, 39); in a third study, genotype 
was not a significant predictor of homocysteine level (40). 
No associations were found between genotype and serum 
folate, vitamin B6, or vitamin B12 in the single known study 
(38). 

CBS 

Many mutations and several polymorphisms in the CBS 
gene have been reported (41). To our knowledge, the only 
variant investigated in colorectal neoplasia is the 68-base-
pair insertion in the exon 8 coding region. Four studies found 
lower plasma homocysteine levels in persons carrying the 
insertion than in those without, although the difference was 
significant in only one (35, 36, 39, 42). One study suggested 
that the effect was modulated by plasma vitamin B6 concen­
tration (43); another suggested an interaction with MTHFR 
C677T (35). The one available study that we know of found 
no associations between genotype and red cell folate or 
plasma vitamin B12 level (35). 

TS 

The TS enhancer region contains a series of 28-base-pair 
tandem repeats. Two repeats (2 rpt) or three repeats (3 rpt) 
are most common, with 3 rpt occurring most frequently. 
More repeats have been observed but are rare (44, 45). In 
vitro, compared with the double repeat, the triple repeat has 
been associated with 2.6-fold greater thymidylate synthase 
expression (46). Among 497 Singapore Chinese, plasma 
folate levels were significantly lower, and homocysteine 
levels nonsignificantly higher, in 3 rpt/3 rpt subjects than in 
those with other genotypes (47). When MTHFR and TS were 
considered together, plasma folate levels were highest (15.3 
nM) in 677CC or 677CT and not 3 rpt/3 rpt subjects, inter­
mediate (13.8 nM) in 677CC or 677CT and 3 rpt/3 rpt 
subjects, and lowest (11.6 nM) in 677TT subjects (irrespec­
tive of TS genotype). 

The 3′ untranslated region contains a 6-base-pair deletion 
at base pair 1494, the functional consequences of which are 
not known (48). The two polymorphisms appear to be in 
linkage disequilibrium (48). 

Refer to the Appendix for Internet sites pertaining to the 
genes discussed in this review. 

POPULATION FREQUENCIES 

This section includes information on studies reporting 
genotype frequencies in persons without cancer or other 
diseases. Using appropriate Medical Subject Headings 
(MeSH) and text words, we searched MEDLINE, EMBASE, 
and PubMed databases for papers published from 1990 to 
December 2002. Further relevant articles were identified by 
hand-searching reference lists in published papers. MTHFR 
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frequencies are from the Human Genome Epidemiology 
(HuGE) reviews by Botto and Yang (49) and by Robien and 
Ulrich (50). The A1298C data reported by Robien and Ulrich 
are augmented with results from less-studied geographic 
areas and ethnic groups. For the studies tabulated here, 
Hardy-Weinberg equilibrium of the genotype frequencies 
was assessed by using the Pearson χ2 test. 

MTHFR 

There is considerable ethnic and geographic variation in 
the frequency of the C677T variant (49). The TT prevalence 
ranged from around 1 percent in Black populations in the 
United States, sub-Saharan Africa, and South America to 
more than 20 percent in US Hispanics, Colombians, and 
Amerindians in Brazil. TT genotype frequency in White 
populations in Europe, North America, and Australia was 8– 
20 percent. In Europe, there appears to be a trend of 
increasing frequency of the variant from north to south. 
Twelve percent of Japanese were TT homozygotes. 

For A1298C, the CC prevalence in North American 
studies, which included mainly White subjects, was 7–12 
percent (50). In four Hispanic series (n < 90), the frequency 
was 4–5 percent (51–54). In two African-American series, 2 
and 4 percent were CC subjects. In Europe, the prevalence of 
CC ranged from 4 to 12 percent in most studies. In two 
northeast Scotland series of subjects randomly selected from 
general practitioner registers, the frequencies were 15 
percent (95 percent confidence interval (CI): 11.8, 19.2) and 
18 percent (95 percent CI: 9.5, 30.4) (55, 56). In Chinese, 
Japanese, and Hawaiian populations, 1–4 percent were CC 
(50, 54) subjects. In the single studies in Brazil, Morocco, 
South Africa, and Turkey and among Israeli Jews, the 
frequencies were 6 percent (95 percent CI: 2.8, 9.6), 3 
percent (95 percent CI not available), 4 percent (95 percent 
CI: 1.4, 9.9), 6 percent (95 percent CI: 1.7, 14.8), and 13 
percent (95 percent CI: 9.7, 16.5), respectively (31, 33, 57– 
59). 

In some series, but not all, a few persons with three or four 
variant alleles (i.e., 677TT/1298AC, CT/CC, TT/CC) have 
been reported (35, 60–64). 

MTR 

In Japanese, Chinese, and Korean populations, the 
frequency of the GG genotype was 2–3 percent (18, 32–37, 
54, 65–82; Web table 1). (This information is described in 
the first of four supplementary tables; each is referred to as 
“Web table” in the text and is posted on the Web site of the 
Human Genome Epidemiology Network (http:// 
www.cdc.gov/genomics/hugenet/default.htm) as well as on 
the Journal’s Web site (http://aje.oupjournals.org/).) In most 
European series, approximately 3 percent of the subjects had 
the GG genotype. Frequencies from all but two North Amer­
ican studies were 1–5 percent. The frequency was 10–11 
percent in these two series—one of White children and their 
mothers in Canada and the other of White persons in Hawaii. 
In the single African-American population, 6 percent (95 
percent CI: 4.3, 8.7) of the subjects had the GG genotype. In 

three studies, the genotype frequencies were not in Hardy-
Weinberg equilibrium (73–75). 

MTRR 

The lowest reported prevalence of GG homozygotes was 
8–10 percent in Japanese in Hawaii and in Hawaiians (5, 14, 
38–40, 54, 83–85; Web table 2). Among 558 subjects in 
Northern Ireland, 12 percent (95 percent CI: 9.1, 14.6) were 
GG homozygotes, but this series was not in Hardy-Weinberg 
equilibrium. In most of the remaining series, the frequency 
was 19–29 percent. Among 97 African Americans and 96 
Hispanics, the frequencies were 42 percent (95 percent CI: 
32.3, 52.7) and 50 percent (95 percent CI: 39.6, 60.4), 
respectively. 

CBS 

Homozygosity for the 68-base-pair insertion is rare in all 
populations (35, 36, 39, 42, 54, 65, 70, 71, 77, 82, 86–98; 
Web table 3). The highest reported frequency was 3 percent 
among Blacks from Brazil and Africa. In four other series, 
the homozygote prevalence also reached 3 percent, but the 
genotype frequencies were not in Hardy-Weinberg equilib­
rium (42, 70, 71, 96). In Europe, Australia, and most US 
populations, the frequency of heterozygotes was 8–19 
percent, with most around 13–15 percent. Two Japanese 
series found no heterozygotes. Heterozygosity occurred in 5 
percent (95 percent CI: 1.6, 11.3) of the single Chinese 
series. 

TS 

In three studies in the United Kingdom, and in three of 
mainly White populations in the United States, 19–23 
percent of subjects were 2 rpt/2 rpt (44–47, 99–102; Web 
table 4). The prevalence was 14–20 percent in two African 
and one African-American series and 17 percent among 
volunteers born in four southwest Asian countries living in 
Scotland. Two to 4 percent of two Chinese populations were 
homozygous variant. In all studies, genotype frequencies 
were in Hardy-Weinberg equilibrium. 

In a single study of US Whites, 10 percent (95 percent CI: 
7.7, 12.5) were homozygotes for the 3′ untranslated region 
deletion (102). 

Combinations of genotypes 

Most studies reporting frequencies of combinations of 
genotypes are small (33, 35, 70, 80, 94, 103). In the largest, 
of almost 1,300 males in the United Kingdom, 8 percent 
carried the CBS 68-base-pair insertion and the MTHFR T 
allele; 5 percent of subjects had the CBS 68-base-pair inser­
tion and the MTR G allele; and 20 percent carried both the 
MTR G and MTHFR T alleles (35). 

Comments on studies of population frequencies 

Few of the studies reviewed here were population based; 
many relied on convenience samples. Selection and partici-
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pation biases may therefore explain some of the apparent 
variations in genotype prevalence. In a few studies, genotype 
frequencies were not in Hardy-Weinberg equilibrium. 
Although lack of Hardy-Weinberg equilibrium might indi­
cate that the series were subject to selection or participation 
biases, there are other reasons why Hardy-Weinberg equilib­
rium might not hold, including migration or genotyping error 
(104). Many of the studies are relatively small, so the esti­
mates of genotype frequency lack precision. 

In many studies, the ethnic makeup of the participants is 
not described. Most well characterized are White popula­
tions in the United States and western Europe. Other popula­
tions, geographic areas, and ethnic groups, particularly in 
Africa, Asia (other than Japan), and South America, have 
been less studied. The generalizability from, for example, 
one “Black African” population to another may be limited 
since it is not always straightforward to establish ethnicity 
(105). 

DISEASE 

An estimated 945,000 new cases of colorectal cancer were 
diagnosed worldwide in 2000, and 492,000 persons died 
from the disease (106). Two thirds of incident cases occur in 
developed countries, where it is the third most common 
cancer in males and second most common in females (107). 
There are substantial international variations in incidence 
(108). Sixty to 70 percent of colorectal cancers arise in the 
colon (108). 

Although most evidence is indirect, the majority of 
colorectal carcinomas are believed to develop from adenom­
atous polyps (109). Hyperplastic polyps may be precursors 
of some right-sided colon cancers (110). Investigation of the 
first occurrence, and the recurrence, of polyps may reveal 
factors important in early stages of the neoplastic process. 

Fewer than 10 percent of incident colorectal tumors are 
due to hereditary nonpolyposis colorectal cancer and 
familial adenomatous polyposis (111). When these 
syndromes are excluded, there is still familial aggregation of 
cancers and adenomas (112–114), which is unlikely to be 
entirely accounted for by familial clustering of environ­
mental factors (115). This information points to the potential 
importance of genetic susceptibility factors, and the interac­
tion of these with each other and with environmental factors, 
in the disease causation. 

The studies of Japanese migrants to the United States in 
the 1960s revealed the overwhelming importance of envi­
ronmental factors in colorectal cancer etiology (116). Estab­
lished risk factors for the disease are shown in table 1 (109, 
117–125). 

Although diet appears to be important in colorectal cancer 
(120), it has been difficult to identify the specific compo­
nents involved. Observational epidemiologic evidence 
shows that a high vegetable intake is related to decreased risk 
(120), although recent work suggests that the relation is 
complex (124, 125). Vegetables, particularly green, leafy 
vegetables, are a major source of folate. The majority of 
prospective and case-control studies of serum folate, red cell 
folate, or reported dietary or total folate intake are compat­
ible with inverse associations with colon cancer and 

TABLE 1. Environmental factors associated with colorectal 
cancer 

Increasing risk Reducing risk 

Excess weight* Physical activity†


Tobacco smoking‡ Hormone replacement therapy§


Alcohol¶ Aspirin and other nonsteroidal 

antiinflammatory drugs# 

Vegetables** 

* Bergström et al. (117); International Agency for Research on 
Cancer (IARC) Working Group (118). 

† IARC Working Group (118). 
‡ Giovannucci (119).

§ Beral et al. (121); Rossouw et al. (122).

¶ World Cancer Research Fund (WCRF)/American Institute for


Cancer Research (AICR) (120); Cotton et al. (109): results of studies 
are heterogeneous. 

# IARC Working Group (123). 
** WCRF/AICR (120); Terry et al. (124); Flood et al. (125): results 

of studies are heterogeneous. 

adenomas (17, 54, 76, 125–146). There is no consistent asso­
ciation between rectal cancer and folate intake (126, 131, 
133–135, 137, 138). One small trial of folic acid supplemen­
tation in persons from whom polyps had been removed 
observed a reduced recurrence rate in the supplemented 
group (147). Some studies are compatible with a positive 
association between alcohol intake, which adversely affects 
folate metabolism (148), and colorectal neoplasia (109). A 
“low-methyl diet,” comprising high alcohol intake and low 
folate and methionine (and/or vitamins B6 and B12) intakes, 
has been associated with increased colon cancer risk (126, 
130, 132, 140). 

Internet sites providing data and information on colorectal 
neoplasia are contained in the Appendix. 

ASSOCIATIONS 

This section appraises studies of the polymorphisms and 
colorectal neoplasia risk. These studies were identified by 
using the search strategy described above with the addition 
of disease-specific Medical Subject Headings and text 
words. 

MTHFR 

C677T.   To our knowledge, there have been 10 cancer 
studies: five in the United States, two in the United 
Kingdom, and one each in Australia, Mexico, and Korea (17, 
54, 56, 98, 149–155; table 2). Two included only colon 
cancers (150, 154); the remainder included colon and rectal 
tumors. On the basis of the functional effects of the polymor­
phism, and the inverse association between folate status and 
disease, it might have been expected that the variant would 
be associated with increased disease risk. In contrast, seven 
studies were consistent with reduced risk in homozygous 
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variant (TT) subjects compared with homozygotes for the 
common allele (17, 54, 149–151, 153, 154). Observed rela­
tive risks ranged from 0.45 to 0.9, although most did not 
reach statistical significance. A significant trend of 
decreasing risk with increasing number of T alleles has been 
reported (54). As has been observed in several meta-analyses 
of gene-disease associations (156, 157), the strongest effects 
were found in the two earliest studies (17, 149). Both were 
nested within cohort studies of predominantly White male 
populations in the United States. These populations were 
likely to have relatively high average intakes of total folate 
as a consequence of comparatively frequent use of vitamin 
supplements (158). 

Although two studies were null overall (98, 155), one 
found an association with genotype in a subgroup (refer to 
the information later in this section; Shannon et al. (98)). In 
the other, although controls were matched to cases on age, 
sex, and general practice, this matching was not taken into 
account in the MTHFR analysis (155). The distribution by 
area of residence, which determines general practice, 
differed between cases and controls; if the prevalence of 
MTHFR variants differed between areas, this lack of adjust­
ment could have affected the results. In addition, the TT 
prevalence among controls was lower than that in other 
studies from the United Kingdom. 

In a study in Mexico, a nonsignificantly increased risk in 
carriers of the T allele was reported (152). This finding was 
based on small numbers of subjects, few details were 
provided about subject source populations, and the source of 
the DNA was tumor for cases and blood for controls. 

One study observed that the inverse association with the 
TT genotype was stronger in older (aged 60–84 years) than in 
younger (aged 40–59 years) subjects, but this finding was 
not statistically significant (17). The same study reported 
that the inverse association held for tumors in both the colon 
and the rectum. In terms of location in the colon, Slattery et 
al. (150) found that the TT genotype was associated with 
reduced risk in persons with proximal, but not those with 
distal, tumors. Two studies report results by ethnic group. Le 
Marchand et al. (54) found that the TT genotype was 
inversely associated with risk for subjects of Japanese origin 
and Caucasians, but not for Hawaiians. However, only nine 
Hawaiian subjects had the TT genotype. Keku et al. (154) 
found a modest inverse association among White subjects 
and African-American subjects. 

Shannon et al. (98) stratified their cases into those showing 
microsatellite instability (MSI+) and those not (MSI–). TT 
genotype was associated with significantly raised risk in the 
MSI+ group (unadjusted odds ratio (OR) computed by us for 
TT vs. CC = 2.6, 95 percent CI: 1.08, 5.82) but not in the 
MSI– group. The MSI+ tumors were exclusively in the prox­
imal colon and patients tended to be older, both factors that 
might have been expected to result in a reduced risk in TT 
subjects if the above observations regarding age and tumor 
location are true. This apparent inconsistency may be due to 
small numbers, bias, a failure to control for confounders, or 
chance. Further investigation to unravel the independent and 
joint influences of MSI, age, and tumor site is needed. 

We know of six studies that have investigated C677T and 
adenomatous polyps, three in the United States and one each 
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in Japan, Norway, and Mexico (76, 152, 159–162; table 3). 
None found a significant association between genotype and 
risk, which raises the possibility that the MTHFR genotype 
may be relevant only in the later stages of the adenoma­
carcinoma process, for example, in determining those 
persons with adenomas who will go on to develop carci­
nomas. It is also possible that the inconsistencies between 
the results of the studies of adenomas are due to differences 
between the studies in the subject source populations (i.e., 
whether they included screen-detected or symptomatic 
adenomas) and in the control series (e.g., whether it 
comprised polyp-free subjects). 

In two studies of hyperplastic polyps, no association was 
found between genotype and disease (162, 163; table 4). 

A1298C. Four studies, three in the United States (28, 54, 
154) and one in Scotland (56), have investigated the role of 
A1298C in cancer (table 5). In all, risk was modestly 
reduced in CC compared with AA subjects. Relative risks 
were in the range of 0.6–0.8 and mostly did not reach statis­
tical significance. Since this finding is consistent with the 
pattern observed for C677T, it raises the possibility that the 
A1298C-cancer relation is actually due to C677T. 
However, Chen et al. (28) reported that the A1298C result 
was not due to confounding by C677T. In addition, Le 
Marchand et al. (54) found that, compared with 677CC/ 
1298AA persons, those who carried 677T and 1298C had 
the lowest risk. Keku et al. (154) reported that the A1298C­
cancer association was stronger among White than 
African-American subjects. 

MTR 

One cancer study and one of adenomas found a slightly 
reduced risk for GG homozygotes (18, 76; table 5). A third 
study found no effect overall but observed an inverse associ­
ation between GG and cancer among a subgroup of 
Hawaiian subjects (54). 

MTRR 

In the single study that we know of, in Hawaii, A66G was 
not associated with cancer when the three ethnic groups 
included in the study were analyzed together (54; table 5). 
However, among White subjects, there was a trend of 
borderline significance of increasing risk with increasing 
number of variant alleles (OR for GG vs. AA = 1.9, 95 
percent CI: 1.0, 3.8; p for trend = 0.07). 

CBS 

Heterozygotes for the CBS insertion were twice as 
frequent among controls as among cancer cases in one study 
(OR computed by us = 0.50, 95 percent CI: 0.24, 1.07) (98; 
table 5). Compatible with this finding, the other available 
study suggested that the variant was associated with reduced 
cancer risk (54). 

TS 

In the single study that we are aware of, of the 6-base-
pair deletion and cancer in non-Hispanic White subjects in 
the United States, which was reported in abstract form 
only, subjects with the deletion had a relative risk of 1.40 
(95 percent CI: 0.99, 1.98; p = 0.058) compared with those 
with no deletion allele (164; table 5). In another study of 
men in the United States, again reported only as an abstract, 
2 rpt homozygous persons had a nonsignificantly reduced 
cancer risk (relative risk for 2 rpt/2 rpt vs. 3 rpt/3 rpt = 0.65, 
95 percent CI: 0.38, 1.12) (99). In the single study of 
adenomas, no significant association was found between 
either polymorphism and disease, nor did combinations of 
the two polymorphisms affect risk (102). 

Other diseases 

Genetic variation in MTHFR, CBS, MTR, MTRR, and TS 
has been investigated in other conditions in which folate or 
homocysteine may be involved. Examples are congenital 
anomalies such as neural tube defects, Down’s syndrome, 
and orofacial clefts (5, 40, 49, 84, 165, 166); cancers 
including leukemia and lymphomas, breast, gastric, and 
esophageal tumors (50, 55, 64, 67, 167); cardiovascular 
disease (34, 87, 158, 168, 169); and Alzheimer’s disease 
(170). 

INTERACTIONS 

Gene-environment interactions 

MTHFR C677T.  The gene-environment interactions 
explored have concerned features of the “low-methyl” diet 
and genotype. Four of five studies suggest interactions 
between folate, methionine, or alcohol and C677T in relation 
to cancer. Chen et al. (149) reported that the inverse associa­
tion with the TT genotype was greatest among persons in the 
highest tertiles of folate and methionine intake. The results 
of Ma et al. (17), who examined plasma folate, and Le Mar­
chand et al. (54), who analyzed food and total folate intake, 
were compatible with this finding. Keku et al. (154), how­
ever, did not observe this pattern with regard to total folate 
intake. 

Slattery et al. (150) categorized subjects as consuming 
low-, intermediate-, and high-methyl diets. The lowest odds 
ratio was for subjects with the TT genotype consuming a 
high-methyl diet (OR for high-methyl and TT vs. low-methyl 
and CC = 0.4, 95 percent CI: 0.1, 0.9), while the odds ratios 
for subjects consuming a low-methyl diet did not vary by 
genotype (150). Consistent with this finding, Ma et al. (17) 
observed an increased risk among the folate deficient 
(plasma folate <3.0 ng/ml) irrespective of genotype. 

Two cancer studies found significant interactions between 
C677T and alcohol (17, 149). High intake abolished the 
reduced risk associated with the TT genotype to the extent 
that subjects with this TT genotype who consumed the 
largest quantities of alcohol were at the greatest risk of 
cancer (greater even than for those without the T allele who 
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were in the highest alcohol group). Keku et al. (154) found 
no interaction with alcohol but did not consider quantity, 
only whether subjects had “ever” or “never” consumed 
alcohol. 

High blood riboflavin levels may improve MTHFR 
activity in TT persons because the cofactor for MTHFR is a 
metabolite of riboflavin (171). Le Marchand et al. (54) 
observed the lowest relative risk for cancer among TT 
persons with the highest riboflavin intake. Genotype-folate-
riboflavin combinations were not considered. 

Little is published on gene-diet interactions and adenomas. 
In the two known studies, the stratum of highest risk 
comprised TT persons with the lowest red cell or plasma 
folate levels (160) or the lowest intakes of folate, 
methionine, vitamin B6, and vitamin B12 (159), but the gene­
nutrient interactions were not statistically significant. With 
regard to alcohol and genotype, the pattern observed is 
similar to that for cancer (159, 160). 

MTHFR A1298C. Keku et al. (154) observed a significant 
interaction (p = 0.03) between total folate intake and 
A1298C genotype among White but not African-American 
subjects; fewer African-American subjects were involved in 
the study. Unlike the pattern for C677T, White 1298CC 
subjects who consumed less than 400 ng of folate per day 
had a greater reduced cancer risk than those whose folate 
intake was higher. No interactions were observed between 
A1298C and “ever” or “never” consuming alcohol. 

Two further studies of A1298C reported no significant 
interactions with blood levels or intake of folate or related 
nutrients and colorectal neoplasia (28, 54). The results were 
not shown. 

MTR. For cancer, Ma et al. (18) reported a significant 
interaction between MTR and alcohol intake (table 5); 
persons with the GG genotype consuming more than one 
drink a day had an increased disease risk (OR for GG and ≥1 
drink/day vs. AA and <1 drink/day = 2.64, 95 percent CI: 
0.65, 10.82), while those consuming less than one drink a 
day had a reduced risk (OR = 0.27, 95 percent CI: 0.09, 0.81; 
p for interaction = 0.04). There was also a nonsignificant 50 
percent risk reduction among GG subjects whose plasma 
folate levels were in the upper two tertiles compared with 
those with the same folate level and the AA/AG genotype; 
persons with the GG genotype in the lowest plasma folate 
tertile did not have a reduced risk (p for interaction = 0.22). 

MTRR and CBS.   Le Marchand et al. (54) reported no 
significant interactions between MTRR or CBS and dietary 
folate, vitamin B12, vitamin B6, riboflavin, or methionine. 
Results were not shown. 

TS. For adenomas, Ulrich et al. (102) found a statistically 
significant interaction between the tandem repeat polymor­
phism and folate intake. Among 3 rpt/3 rpt persons, higher 
folate intake (>440 ng/day) was associated with a 50 percent 
reduced risk compared with lower folate intake. However, 
among 2 rpt/2 rpt persons, higher folate intake was associ­
ated with a 50 percent increased risk (p for interaction = 
0.03). A similar pattern was observed for vitamin B12 intake 
(p for interaction = 0.08). No interactions were found with 
intakes of vitamin B6, methionine, or alcohol, nor were there 
interactions between the 3′ untranslated region polymor­
phism and dietary variables. N
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TABLE 4.   Studies of the MTHFR* C677T genotype and hyperplastic polyps, with relative risks and 95% confidence intervals 

Study area 
Cases 

Type No. 

Comparison group 

Type No. % TT 95% CI 
Comparison 

Relative 
risk 95% CI* 

Adjustment 
factors 

Reference 
no. 

Norway Participants in Telemark I study; born 1924–1933; selected from population 162 
register in 1983 and randomly assigned to endoscopy or control group; 
799 participated; in 1996, offered colonoscopy and removal of polyps; 
results available for 443 participants (229 male, 214 female; median age, 
67 years) 

With “high-risk” 91 Without polyps 349 7.1 4.8, 10.1 TT/CT vs. CC 1.43† 0.87, 2.33 
hyperplastic polyps (n = 116) or 
(n ≥ 3) with adenomas 

or “low-risk” 
hyperplastic 
polyps (n = 233) 

United States: Subjects recruited from private gastroenterology practice undertaking 163 
Minneapolis, colonoscopies in 10 hospitals; underwent colonoscopy in 1991–1994; 
Minnesota English speaking; without known genetic syndromes predisposing to 

colorectal cancer; no history of cancer or inflammatory bowel disease; 
aged 30–74 years 

Diagnosis of colon or 200 Free of all polyps 645 11.0 8.7, 13.7 TT vs. CC 0.9 0.5, 1.6 Age, sex, body 
rectal hyperplastic at colonoscopy; mass index, 
polyps; 97% White; 97% White; 38% use of 
57% male; mean male; mean hormone 
age, 53.7 years age, 52.8 replacement 

(standard therapy, 
deviation, 10.9) smoking, 
years percentage 

of calories 
from fat, 
dietary fiber, 
folate, 
vitamin B12, 
vitamin B6, 
methionine, 
alcohol 

CT vs. CC 0.8 0.6, 1.2 

* MTHFR, methylenetetrahydrofolate reductase; CI, confidence interval. 
† Unmatched odds ratio, computed by Sharp and Little from data in the paper. 

Gene-gene interactions 

Metabolism of any exposure is likely to depend on the 
balance between the relative activities of all of the enzymes 
active within the metabolic pathway (172). So far, we know 
of two studies that have considered joint effects of folate­
pathway genes (54, 102; table 5). 

For cancer, Le Marchand et al. (54) observed that the 
MTHFR T allele had the greatest effect among subjects with 
the MTR G allele (OR for CT/TT and AG/GG vs. CC and AA = 
0.7, 95 percent CI: 0.5, 1.0; p for interaction = 0.05). Consid­
ering MTHFR C677T and CBS, they reported that the group 
with both variants appeared to be at reduced risk; however, 
this result was based on small numbers, and the interaction 
was not significant. Meanwhile, MTRR did not interact with 
MTHFR C677T. 

For adenomas, Ulrich et al. (102) investigated interactions 
between C677T, TS tandem repeat, and folate intake. The 
association of higher folate intake with reduced risk among 3 
rpt/3 rpt subjects was not modified by MTHFR. The 
increased risk associated with lower folate intake in TT 
subjects appeared limited to 3 rpt homozygotes. These find­
ings were not statistically significant. 

Comments on studies of gene-disease associations and 
interactions 

Some of the heterogeneity in the findings with regard to 
the genotype main effects is likely to be due to differences 
between the populations studied in average levels of intake 
of folate, alcohol, and related dietary factors. If there truly 
are interactions between genotype and folate, for example, 
they may be seen only in populations with high or low folate 
levels (depending on the direction of the interaction). Such 
an effect has recently been observed for MTHFR C677T and 
coronary heart disease (158). 

Methodological factors are also important. Five cancer 
studies (17, 56, 149, 151, 152) and four adenoma studies (76, 
152, 161, 162) each included fewer than 300 cases and thus 
had limited statistical power, particularly for subgroup and 
interaction analyses. The nonprospective studies are most 
susceptible to bias. Some were not population based. In 
some, it is not clear whether the controls came from the 
population that gave rise to the cases. In others, the case 
series were limited to subjects still alive to provide a DNA 
sample (prevalent cases), which would have resulted in bias 
if any of the genotypes were associated with survival 
(currently not known). Few studies provided information on 
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participation rates, making it difficult to assess bias and 
generalizability. It is likely that a proportion of the controls 
in the cancer studies may have been harboring undiagnosed 
polyps. Depending on the relations between each polymor­
phism and adenomas, this may have introduced random error 
or bias. The presence of undetected polyps among controls 
would not be important if the genotype was etiologically 
relevant only after an adenoma had developed, as seems 
likely for MTHFR C677T. For the other genotypes, it is not 
clear at what stage in the adenoma-carcinoma sequence they 
may be relevant. Finally, the possibility cannot be 
discounted that the findings do not reflect an association 
between the specified polymorphisms and colorectal 
neoplasia but rather are a consequence of linkage disequilib­
rium. 

LABORATORY TESTS 

MTHFR C677T and A1298C are detected by means of 
DNA amplification using polymerase chain reaction 
followed by restriction fragment length polymorphism anal­
ysis; HinfI for C677T and MboII (12) for A1298C (10, 11) 
are used. The MTR and MTRR polymorphisms and the 3′ 
untranslated region variant in TS are also detected by restric­
tion fragment length polymorphism, with digestion with 
MaeII for MTR, with NdeI or AflIII for MTRR, and with DraI 
for TS (4, 5, 48, 54). The TS tandem repeat and CBS insertion 
are detected by DNA amplification and visualization on 
agarose gels (46, 97). 

Most studies did not report the success rate in extracting 
DNA from samples, the proportion of eligible subjects for 
whom genotyping failed, or the degree of genotyping repro­
ducibility, all of which are important indicators of the analyt­
ical validity of genotyping (173). 

Laboratories are increasingly using high-throughput geno­
typing methods, an area of considerable development and 
innovation. Although quality control and analytical validity 
in this context are important (173), published data are 
currently lacking. 

POPULATION TESTING 

Companies in the United States and the United Kingdom 
are offering consumer tests for genotypic or phenotypic 
markers of polymorphisms influencing nutrient metabolism, 
including MTHFR (174, 175). However, the scientific 
evidence currently is not strong enough to advocate popula­
tion testing for any polymorphisms reviewed here. 

Testing for these polymorphisms might be valuable in 
cancer patients. 5-Fluorouracil, commonly used in colorectal 
cancer chemotherapy, is a thymidylate synthase inhibitor 
and can cause severe folate depletion. Knowledge of patient 
genotype could be used to tailor chemotherapy regimes to 
1) minimize toxicity and side effects, thus improving quality 
of life, and/or 2) increase the effectiveness of treatment and 
ultimately lengthen survival. So far, evidence in this area is 
limited to the TS tandem repeat and MTHFR C677T. Among 
51 stage III colon cancer patients treated with 5-fluorouracil 
and leucovorin (folinic acid), presence of the MTHFR T 

allele had little effect on probability of death or length of 
survival in those who had died, except in 12 patients with 
rectosigmoid colon cancer (176). In a study of 365 nonadju-
vant-treated patients, the TT genotype was associated with 
improved survival, but this result did not persist after adjust­
ment for disease stage (98). 

For TS, some (177–179) but not all (180, 181) studies of 
colorectal cancer patients concluded that higher TS tumor 
expression levels were related to shorter survival. Consistent 
with this finding, one genotype study suggested that carrying 
the 3 rpt allele increased risk of death (179). Four studies of 
genotype and response to 5-fluorouracil (182–185) 
suggested that 2 rpt/2 rpt patients may be more responsive to 
therapy but subject to greater toxicity (186). Most of the 
studies (of genotype or phenotype) have been small, 
included selected patient groups, and made limited adjust­
ment for potentially important factors. 

CONCLUSIONS AND RESEARCH PRIORITIES 

The observed association of the MTHFR homozygous 
variant genotypes with reduced carcinoma risk was the 
opposite of what might have been expected a priori. This 
finding has led investigators to reconsider the folate metabo­
lism pathway, putting a greater emphasis on the functions of 
folate and MTHFR in DNA synthesis. The evidence is 
compatible with interactions between MTHFR genotype and 
folate, alcohol, and/or related nutrients in relation to 
colorectal cancer. Evidence on polymorphisms other than 
MTHFR C677T is extremely limited. The associations 
observed between MTR, CBS, MTRR, and TS genotypes and 
colorectal neoplasia are tentative at best and require replica­
tion. The few studies of combinations of polymorphisms 
suggest the possibility of gene-gene interactions; again, 
further investigation is needed to confirm initial findings. 
Altogether, the evidence suggests that the roles of folate­
metabolizing genes, folate, and related dietary factors in 
colorectal neoplasia are complex. Methodologies are 
currently lacking for specification of hypotheses, clarifica­
tion of functional effects, and statistical analysis relating to 
such complex gene-environment pathways. This area of 
research must be a priority if advancements in understanding 
of disease etiology are to be achieved. Table 6 lists other 
areas for further research. 
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TABLE 5.  Continued 

Gene-disease associations 

Gene Polymorphism Study area, study 
design, cases† Comparison Relative 

risk 
95% CI* 

Gene-environment 
interaction 
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interactions 

Reference 
no. 
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TABLE 6.   Research priorities 
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intake of folate and related dietary factors 

3. Further investigation of hypothesized mechanisms: examination of whether the polymorphisms are associated, in humans, with genomic 
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and related dietary factors 
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subgroup analysis by age and ethnic group, of colon and rectal tumors, proximal and distal tumors, and tumors with microsatellite instability 
or loss of heterozygosity 

5. Pooled analyses of studies of gene-disease associations and gene-environment and gene-gene interactions to facilitate subgroup 
analyses and investigation of interactions 

6. Investigation of the role of other folate pathway genes, and interactions with alcohol-metabolizing genes, in the etiology of colorectal 
neoplasia 

7. Investigation of genotype in adenomatous polyps: including 1) association with risk of recurrence and 2) association with particular 
pathologic features and 3) incorporation of genotyping in randomized controlled trials of folate supplementation in prevention of colorectal 
neoplasia 

8. Further investigation of genotype and quality of life and the effectiveness of treatment in patients with colorectal cancers: large studies of 
representative groups of patients; analysis should include adjustment for known prognostic factors 

9. Development of methodology for specifying hypotheses and statistical analysis in the context of interactions between multiple genes and 
multiple environmental factors 

human lymphocyte DNA in vitro. Carcinogenesis 2001;22: 
1019–25. 

26.	 Andreassi MG, Botto N, Cocci F, et al. Methylenetetrahydro­
folate reductase gene C677T polymorphism, homocysteine, 
vitamin B12, and DNA damage in coronary artery disease. Hum 
Genet 2003;112:171–7. 

27.	 Zijno A, Andreoli C, Leopardi P, et al. Folate status, metabolic 
genotype, and biomarkers of genotoxicity in healthy subjects. 
Carcinogenesis 2003;24:1097–103. 

28.	 Chen J, Ma J, Stampfer MJ, et al. Linkage disequilibrium 
between the 677C>T and 1298A>C polymorphisms in human 
methylenetetrahydrofolate reductase gene and their contribu­
tions to risk of colorectal cancer. Pharmacogenetics 2002;12: 
339–42. 

29.	 Lievers KJA, Boers GHJ, Verhoef P, et al. A second common 
variant in the methylenetetrahydrofolate reductase (MTHFR) 
gene and its relationship to MTHFR enzyme activity, homo­
cysteine, and cardiovascular disease risk. J Mol Med 2001;79: 
522–8. 

30.	 Chango A, Boisson F, Barbé F, et al. The effect of 677C-T and 
1298A-C mutations on plasma homocysteine and 5,10-methy-
lenetetrahydrofolate reductase activity in healthy subjects. Br J 
Nutr 2000;83:593–6. 

31.	 Friedman G, Goldschmidt N, Friedlander Y, et al. A common 
mutation A1298C in human methylenetetrahydrofolate reduc­
tase gene: association with plasma total homocysteine and 
folate concentrations. J Nutr 1999;129:1656–61. 

32.	 van der Put NMJ, van der Molen EF, Kluijtmans LAJ, et al. 
Sequence analysis of the coding region of human methionine 
synthase: relevance to hyperhomocysteinaemia in neural-tube 
defects and vascular disease. QJM 1997;90:511–17. 

33.	 Anwar W, Guéant JL, Abdelmouttaleb I, et al. Hyperhomo­
cysteinemia is related to residual glomerular filtration and 
folate, but not to methylenetetrahydrofolate-reductase and 
methionine synthase polymorphisms, in supplemented end­

stage renal disease patients undergoing hemodialysis. Clin 
Chem Lab Med 2001;39:747–52. 

34.	 Chen J, Stampfer MJ, Ma J, et al. Influence of a methionine 
synthase (D919G) polymorphism on plasma homocysteine and 
folate levels and relation to risk of myocardial infarction. 
Atherosclerosis 2001;154:667–72. 

35.	 Dekou V, Gudnason V, Hawe E, et al. Gene-environment and 
gene-gene interaction in the determination of plasma homo­
cysteine levels in healthy middle-aged men. Thromb Haemost 
2001;85:67–74. 

36.	 Silaste ML, Rantala M, Sampi M, et al. Polymorphisms of key 
enzymes in homocysteine metabolism affect diet responsive­
ness of plasma homocysteine in healthy women. J Nutr 2001; 
131:2643–7. 

37.	 Harmon DL, Shields DC, Woodside JV, et al. Methionine syn­
thase D919G polymorphism is a significant but modest deter­
minant of circulating homocysteine concentrations. Genet 
Epidemiol 1999;17:298–309. 

38.	 Gaughan DJ, Kluijtmans LAJ, Barbaux S, et al. The methionine 
synthase reductase (MTRR) A66G polymorphism is a novel 
genetic determinant of plasma homocysteine concentrations. 
Atherosclerosis 2001;157:451–6. 

39.	 Geisel J, Zimbelmann I, Schorr H, et al. Genetic defects as 
important factors for moderate hyperhomocysteinemia. Clin 
Chem Lab Med 2001;39:698–704. 

40.	 O’Leary VB, Parle-McDermott A, Molloy AM, et al. MTRR 
and MTHFR polymorphism: link to Down syndrome? Am J 
Med Genet 2002;107:151–5. 

41.	 Kraus JP. Biochemistry and molecular genetics of cystathio­
nine β-synthase deficiency. Eur J Pediatr 1998;157(suppl 2): 
S50–S53. 

42.	 Kluijtmans LAJ, Boers GHJ, Trijbels FJM, et al. A common 
844INS68 insertion variant in the cystathionine β-synthase 
gene. Biochem Mol Med 1997;62:23–5. 

43.	 Tsai MY, Yang F, Bignell M, et al. Relation between plasma 
homocysteine concentration, the 844ins68 variant of the cys-

Am J Epidemiol   2004;159:423–443 



Folate-Metabolizing Polymorphisms and Colorectal Neoplasia   439 

tathionine β-synthase gene, and pyridoxal-5′-phosphate con­
centration. Mol Genet Metab 1999;67:352–6. 

44.	 Luo HR, Lü XM, Yao YG, et al. Length polymorphism of 
thymidylate synthase regulatory region in Chinese populations 
and evolution of the novel alleles. Biochem Genet 2002;40:41– 
51. 

45.	 Marsh S, Ameyaw MM, Githang’a J, et al. Novel thymidylate 
synthase enhancer region alleles in African populations. Hum 
Mutat 2000 Dec;16:528. 

46.	 Horie N, Aiba H, Oguro K, et al. Functional analysis and DNA 
polymorphism of the tandemly repeated sequences in the 5′-
terminal regulatory region of the human gene for thymidylate 
synthase. Cell Struct Funct 1995;20:191–7. 

47.	 Trinh BN, Ong CN, Coetzee GA, et al. Thymidylate synthase: 
a novel genetic determinant of plasma homocysteine and folate 
levels. Hum Genet 2002;111:299–302. 

48.	 Ulrich CM, Bigler J, Velicer CM, et al. Searching expressed 
sequence tag databases: discovery and confirmation of a com­
mon polymorphism in the thymidylate synthase gene. Cancer 
Epidemiol Biomarkers Prev 2000;9:1381–5. 

49.	 Botto LD, Yang Q. 5,10-Methylenetetrahydrofolate reductase 
gene variants and congenital anomalies: a HuGE review. Am J 
Epidemiol 2000;151:862–77. 

50.	 Robien K, Ulrich CM. 5,10-Methylenetetrahydrofolate reduc­
tase polymorphisms and leukemia risk: a HuGE minireview. 
Am J Epidemiol 2003;157:571–82. 

51.	 Barber R, Shalat S, Hendricks K, et al. Investigation of folate 
pathway gene polymorphisms and the incidence of neural tube 
defects in a Texas Hispanic population. Mol Genet Metab 
2000;70:45–52. 

52.	 Volcik KA, Blanton SH, Tyerman GH, et al. Methylenetetrahy­
drofolate reductase and spina bifida: evaluation of level of 
defect and maternal genotypic risk in Hispanics. Am J Med 
Genet 2000;95:21–7. 

53.	 Peng F, Labelle LA, Rainey BJ, et al. Single nucleotide poly­
morphisms in the methylenetetrahydrofolate reductase gene are 
common in US Caucasian and Hispanic American populations. 
Int J Mol Med 2001;8:509–11. 

54.	 Le Marchand L, Donlon T, Hankin JH, et al. B-vitamin intake, 
metabolic genes, and colorectal cancer risk (United States). 
Cancer Causes Control 2002;13:239–48. 

55.	 Sharp L, Little J, Schofield AC, et al. Folate and breast cancer: 
the role of polymorphisms in methylenetetrahydrofolate reduc­
tase (MTHFR). Cancer Lett 2002;181:65–71. 

56.	 Sharp L, Little J, Brockton N, et al. Dietary intake of folate and 
related micronutrients, genetic polymorphisms in MTHFR and 
colorectal cancer: a population-based case-control study in 
Scotland. (Abstract). J Nutr 2002;132(11S):3542S. 

57.	 Brunelli das Neves Grillo L, Acácio GL, Barini R, et al. Muta­
tions in the methylene-tetrahydrofolate reductase gene and 
Down syndrome. Cad Saude Publica 2002;18:1795–7. 

58.	 Akar N, Akar E, Akcay R, et al. Effect of methylenetetrahydro­
folate reductase 677 C-T, 1298 A-C, and 1317 T-C on factor V 
1691 mutation in Turkish deep vein thrombosis patients. 
Thromb Res 2000;91:163–7. 

59.	 Gebhardt GS, Scholtz CL, Hillermann R, et al. Combined het­
erozygosity for methylenetetrahydrofolate reductase (MTHFR) 
mutations C677T and A1298C is associated with abruptio pla­
centae but not with intrauterine growth restriction. Eur J Obstet 
Gynecol Reprod Biol 2001;97:174–7. 

60.	 Stegmann K, Ziegler A, Ngo ETKM, et al. Linkage disequilib­
rium of MTHFR genotypes 677C/T–1298A/C in the German 
population and association studies in probands with neural tube 
defects (NTD). Am J Med Genet 1999;87:23–9. 

61.	 Shen H, Spitz MR, Wang LE, et al. Polymorphisms of methy-
lene-tetrahydrofolate reductase and risk of lung cancer: a case­

control study. Cancer Epidemiol Biomarkers Prev 2001;10: 
397–401. 

62.	 Meisel C, Cascorbi I, Gerloff T, et al. Identification of six meth­
ylenetetrahydrofolate reductase (MTHFR) genotypes resulting 
from common polymorphisms: impact on plasma homo­
cysteine levels and development of coronary artery disease. 
Atherosclerosis 2001;154:651–8. 

63.	 Skibola CF, Smith MT, Kane E, et al. Polymorphisms in the 
methylenetetrahydrofolate reductase gene are associated with 
susceptibility to acute leukemia in adults. Proc Natl Acad Sci 
U S A 1999;96:12810–15. 

64.	 Song C, Xing D, Tan W, et al. Methylenetetrahydrofolate 
reductase polymorphisms increase risk of esophageal squa­
mous cell carcinoma in a Chinese population. Cancer Res 
2001;61:3272–5. 

65.	 Zhang G, Dai C. Gene polymorphisms of homocysteine metab-
olism-related enzymes in Chinese patients with occlusive coro­
nary artery or cerebral vascular diseases. Thromb Res 2001; 
104:187–95. 

66.	 Morita S, Yano M, Tsujinaka T, et al. Genetic polymorphisms 
of drug-metabolizing enzymes and susceptibility to head-and-
neck squamous-cell carcinoma. Int J Cancer 1999;80:685–8. 

67.	 Matsuo K, Suzuki R, Hamajima N, et al. Association between 
polymorphisms of folate- and methionine-metabolizing 
enzymes and susceptibility to malignant lymphoma. Blood 
2001;97:3205–9. 

68.	 Jang Y, Park HY, Lee JH, et al. A polymorphism of the meth­
ylenetetrahydrofolate reductase and methionine synthase gene 
in CAD patients: association with plasma folate, vitamin B12 
and homocysteine. Nutr Res 2002;22:965–76. 

69.	 Feix A, Fritsche-Polanz R, Kletzmayr J, et al. Increased preva­
lence of combined MTR and MTHFR genotypes among indi­
viduals with severely elevated total homocysteine plasma 
levels. Am J Kidney Dis 2001;38:956–64. 

70.	 Kimura F, Franke KH, Steinhoff C, et al. Methyl group metab­
olism gene polymorphisms and susceptibility to prostatic carci­
noma. Prostate 2000;45:225–31. 

71.	 Kimura F, Florl AR, Steinhoff C, et al. Polymorphic methyl 
group metabolism genes in patients with transitional cell carci­
noma of the urinary bladder. Mutat Res 2001;458:49–54. 

72.	 D’Angelo A, Coppola A, Madonna P, et al. The role of vitamin 
B12 in fasting hyperhomocysteinemia and its interaction with 
the homozygous C677T mutation of the methylenetetrahydro­
folate reductase (MTHFR) gene. Thromb Haemost 2000;83: 
563–70. 

73.	 De Marco P, Calevo MG, Moroni A, et al. Study of MTHFR 
and MS polymorphisms as risk factors for NTD in the Italian 
population. J Hum Genet 2002;47:319–24. 

74.	 Lucock M, Daskalakis I, Briggs D, et al. Altered folate metab­
olism and disposition in mothers affected by a spina bifida 
pregnancy: influence of 677C→T methylenetetrahydrofolate 
reductase and 2756A→G methionine synthase genotypes. Mol 
Genet Metab 2000;70:27–44. 

75.	 Christensen B, Arbour L, Tran P, et al. Genetic polymorphisms 
in methylenetetrahydrofolate reductase and methionine syn­
thase, folate levels in red blood cells, and risk of neural tube 
defects. Am J Med Genet 1999;84:151–7. 

76.	 Chen J, Giovannucci E, Hankinson SE, et al. A prospective 
study of methylenetetrahydrofolate reductase and methionine 
synthase gene polymorphisms, and risk of colorectal adenoma. 
Carcinogenesis 1998;19:2129–32. 

77.	 Barbaux S, Plomin R, Whitehead AS. Polymorphisms of genes 
controlling homocysteine/folate metabolism and cognitive 
function. Neuroreport 2000;11:1133–6. 

Am J Epidemiol   2004;159:423–443 



440  Sharp and Little 

78. Tsai MY, Welge BG, Hanson NQ, et al. Genetic causes of mild 95. Olivieri O, Friso S, Trabetti E, et al. Homocysteine and athero­
hyperhomocysteinemia in patients with premature occlusive matous renal artery stenosis. Clin Exp Med 2001;1:211–18. 
coronary artery diseases. Atherosclerosis 1999;143:163–70. 96. Folsom AR, Nieto FJ, McGovern PG, et al. Prospective study 

79. Tsai MY, Bignell M, Yang F, et al. Polygenic influence on of coronary heart disease incidence in relation to fasting total 
plasma homocysteine: association of two prevalent mutations, homocysteine, related genetic polymorphisms, and B vitamins. 
the 844ins68 of cystathionine β-synthase and A2756G of Circulation 1998;98:204–10. 
methionine synthase, with lowered plasma homocysteine lev­ 97. Tsai MY, Bignell M, Schwichtenberg K, et al. High prevalence 
els. Atherosclerosis 2000;149:131–7. of a mutation in the cystathionine β-synthase gene. Am J Hum 

80. Johanning GL, Tamura T, Johnston KE, et al. Comorbidity of Genet 1996;59:1262–7. 
5,10-methylenetetrahydrofolate reductase and methionine syn­ 98. Shannon B, Gnanasampanthan S, Beilby J, et al. A polymor­
thase gene polymorphisms and risk for neural tube defects. J phism in the methylenetetrahydrofolate reductase gene predis-
Med Genet 2000;37:949–51. poses to colorectal cancers with microsatellite instability. Gut 

81. Conroy JM, Trivedi G, Sovd T, et al. The allele frequency of 2002;50:520–4. 
mutations in four genes that confer enhanced susceptibility to 99. Chen J, Hunter DJ, Stampfer MJ, et al. A novel polymorphism 
venous thromboembolism in an unselected group of New York in the thymidylate synthase gene promoter influences plasma 
State newborns. Thromb Res 2000;99:317–24. folate level and may modify the risk of colorectal cancer in a 

82. Wang XL, Duarte N, Cai H, et al. Relationship between total prospective study. (Abstract). Presented at the 93rd Annual 
plasma homocysteine, polymorphisms of homocysteine metab- Meeting of the American Association for Cancer Research, San 
olism related enzymes, risk factors and coronary artery disease Francisco, California, April 6–10, 2002. 
in the Australian hospital-based population. Atherosclerosis 100. Marsh S, Collie-Duguid ESR, Li T, et al. Ethnic variation in the 
1999;146:133–40. thymidylate synthase enhancer region polymorphism among 

83. Ray JG, Langman LJ, Vermeulen MJ, et al. Genetics Univer- Caucasian and Asian populations. Genomics 1999;58:310–12. 
sity of Toronto Thrombophilia Study in Women (GUTTSI): 101. Skibola CF, Smith MT, Hubbard A, et al. Polymorphisms in the 
genetic and other risk factors for venous thromboembolism in thymidylate synthase and serine hydroxymethyltransferase 
women. Curr Control Trials Cardiovasc Med 2001;2:141–9. genes and risk of adult acute lymphocytic leukemia. Blood 

84. Hobbs CA, Sherman SL, Yi P, et al. Polymorphisms in genes 2002;99:3786–91. 
involved in folate metabolism as maternal risk factors for Down 102. Ulrich CM, Bigler J, Bostick R, et al. Thymidylate synthase 
syndrome. Am J Hum Genet 2000;67:623–30. promoter polymorphism, interaction with folate intake, and risk 

85. Hassold TJ, Burrage LC, Chan ER, et al. Maternal folate poly­ of colorectal adenomas. Cancer Res 2002;62:3361–4. 
morphisms and the etiology of human nondisjunction. Am J 103. de Franchis R, Botto LD, Sebastio G, et al. Spina bifida and 
Hum Genet 2001;69:434–9. folate-related genes: a study of gene-gene interactions. Genet 

86. Franco RF, Elion J, Lavinha J, et al. Heterogeneous ethnic dis- Med 2002;4:126–30. 
tribution of the 844ins68 in the cystathionine β-synthase gene. 104. Xu J, Turner A, Little J, et al. Positive results in association 
Hum Hered 1998;48:338–42. studies are associated with departure from Hardy-Weinberg 

87. Orendác M, Musková B, Richterová E, et al. Is the common equilibrium: hint for genotyping error? Hum Genet 2002;111: 
844ins68 polymorphism in the cystathionine β-synthase gene 573–4. 
associated with atherosclerosis? J Inherit Metab Dis 1999;22: 105. Garte S. The role of ethnicity in cancer susceptibility gene 
674–5. polymorphisms: the example of CYP1A1. Carcinogenesis 

88. Richter B, Stegmann K, Roper B, et al. Interaction of folate and 1998;19:1329–32. 
homocysteine pathway genotypes evaluated in susceptibility to 106. Ferlay J, Bray F, Pisani P, et al. GLOBOCAN 2000: cancer 
neural tube defects (NTD) in a German population. J Hum incidence, mortality and prevalence worldwide, version 1.0. 
Genet 2001;46:105–9. IARC CancerBase no. 5. Lyon, France: International Agency 

89. Linnebank M, Homberger A, Junker R, et al. High prevalence for Research on Cancer, 2001. 
of the 1278T mutation of the human cystathionine β-synthase 107. Parkin DM, Pisani P, Ferlay J. Estimates of the worldwide inci­
detected by a novel screening application. Thromb Haemost dence of 25 major cancers in 1990. Int J Cancer 1999;80:827– 
2001;85:986–8. 41. 

90. Grossmann R, Geisen U, Merati G, et al. Genetic risk factors in 108. Parkin DM, Whelan SL, Ferlay J, et al. Cancer incidence in five 
young adults with ‘cryptogenic’ ischemic cerebrovascular dis­ continents. Vol VII. Lyon, France: International Agency for 
ease. Blood Coagul Fibrinolysis 2002;13:583–90. Research on Cancer, 1997. (IARC scientific publication no. 

91. Sperandeo MP, de Franchis R, Andria G, et al. A 68-bp inser­ 143). 
tion found in a homocystinuric patient is a common variant and 109. Cotton S, Sharp L, Little J. The adenoma-carcinoma sequence 
is skipped by alternative splicing of the cystathionine β- and prospects for the prevention of colorectal neoplasia. Crit 
synthase mRNA. Am J Hum Genet 1996;59:1393–5. Rev Oncog 1996;7:293–342. 

92. Giusti B, Camacho-Vanegas O, Attanasio M, et al. Microheter­ 110. Hawkins NJ, Ward RL. Sporadic colorectal cancers with mi­
ogeneity in the distribution of the 844ins68 in the cystathionine crosatellite instability and their possible origin in hyperplastic 
β-synthase gene in Italy. Thromb Res 1999;94:249–54. polyps and serrated adenomas. J Natl Cancer Inst 2001;93: 

93. Papa A, De Stefano V, Danese S, et al. Hyperhomocysteinemia 1307–13. 
and prevalence of polymorphisms of homocysteine metabo­ 111. Mecklin JP, Ponz de Leon M. Epidemiology of HNPCC. Anti-
lism-related enzymes in patients with inflammatory bowel dis­ cancer Res 1994;14:1625–9. 
ease. Am J Gastroenterol 2001;96:2677–82. 112. St John DJB, McDermott FT, Hopper JL, et al. Cancer risk in 

94. de Franchis R, Fermo I, Mazzola G, et al. Contribution of the relatives of patients with common colorectal cancer. Ann 
cystathionine β-synthase gene (844ins68) polymorphism to the Intern Med 1993;118:785–90. 
risk of early-onset venous and arterial occlusive disease and of 113. Fuchs CS, Giovannucci EL, Colditz GA, et al. A prospective 
fasting hyperhomocysteinemia. Thromb Haemost 2000;84: study of family history and the risk of colorectal cancer. N Engl 
576–82. J Med 1994;331:1669–74. 

Am J Epidemiol   2004;159:423–443 



Folate-Metabolizing Polymorphisms and Colorectal Neoplasia   441 

114. Winawer SJ, Zauber AG, Gerdes H, et al. Risk of colorectal 
cancer in the families of patients with adenomatous polyps. N 
Engl J Med 1996;334:82–7. 

115. Khoury MJ, Beaty TH, Liang KY. Can familial aggregation of 
disease be explained by familial aggregation of environmental 
risk factors? Am J Epidemiol 1988;127:674–83. 

116. Haenszel W, Kurihara M. Studies of Japanese migrants: mor­
tality from cancer and other diseases among Japanese in the 
United States. J Natl Cancer Inst 1968;40:43–68. 

117. Bergström A, Pisani V, Tenet V, et al. Overweight as an avoid­
able cause of cancer in Europe. Int J Cancer 2001;91:421–30. 

118. The role of weight control and physical activity in cancer pre­
vention. IARC Working Group on the Evaluation of Cancer. 
IARC handbooks of cancer prevention. Vol 6. Lyon, France: 
International Agency for Research on Cancer, 2002. 

119. Giovannucci E. An updated review of the epidemiological evi­
dence that cigarette smoking increases risk of colorectal cancer. 
Cancer Epidemiol Biomarkers Prev 2001;10:725–31. 

120. World Cancer Research Fund/American Institute for Cancer 
Research. Food, nutrition and the prevention of cancer: a global 
perspective. Menasha, WI: Banta Book Group, 1997. 

121. Beral V, Banks E, Reeves G, et al. Use of HRT and the subse­
quent risk of cancer. J Epidemiol Biostat 1999;4:191–215. 

122. Rossouw JE, Anderson GL, Prentice RL, et al. Risks and bene­
fits of estrogen plus progestin in healthy postmenopausal 
women: principal results from the Women’s Health Initiative 
randomized controlled trial. JAMA 2002;288:321–33. 

123. Non-steroidal anti-inflammatory drugs. IARC Working Group 
on the Evaluation of Cancer Preventive Agents. IARC hand­
books of cancer prevention. Vol 1. Lyon, France: International 
Agency for Research on Cancer, 1997. 

124. Terry P, Giovannucci E, Michels KB, et al. Fruit, vegetables, 
dietary fiber and risk of colorectal cancer. J Natl Cancer Inst 
2001;93:525–33. 

125. Flood A, Velie EM, Chaterjee N, et al. Fruit and vegetable 
intakes and the risk of colorectal cancer in the Breast Cancer 
Detection Demonstration Project follow-up cohort. Am J Clin 
Nutr 2002;75:936–43. 

126. Glynn SA, Albanes D, Pietinen P, et al. Colorectal cancer and 
folate status: a nested case-control study among male smokers. 
Cancer Epidemiol Biomarkers Prev 1996;5:487–94. 

127. Kato I, Dnistrian AM, Schwartz M, et al. Serum folate, homo­
cysteine and colorectal cancer risk in women: a nested case­
control study. Br J Cancer 1999;79:1917–21. 

128. Bird CL, Swendseid ME, Witte JS, et al. Red cell and plasma 
folate, folate consumption, and the risk of colorectal adenoma­
tous polyps. Cancer Epidemiol Biomarkers Prev 1995;4:709– 
14. 

129. Paspatis GA, Kalafatis E, Oros L, et al. Folate status and adeno­
matous colonic polyps: a colonoscopically controlled study. 
Dis Colon Rectum 1995;38:64–8. 

130. Giovannucci E, Rimm EB, Ascherio A, et al. Alcohol, low-
methionine–low-folate diets, and risk of colon cancer in men. J 
Natl Cancer Inst 1995;87:265–73. 

131. Giovannucci E, Stampfer MJ, Colditz GA, et al. Multivitamin 
use, folate, and colon cancer in women in the Nurses’ Health 
Study. Ann Intern Med 1998;129:517–24. 

132. Su LJ, Arab L. Nutritional status of folate and colon cancer risk: 
evidence from NHANES I epidemiologic follow-up study. Ann 
Epidemiol 2001;11:65–72. 

133. Terry P, Jain M, Miller AB, et al. Dietary intake of folic acid 
and colorectal cancer risk in a cohort of women. Int J Cancer 
2002;97:864–7. 

134. Freudenheim JL, Graham S, Marshall JR, et al. Folate intake 
and carcinogenesis of the colon and rectum. Int J Epidemiol 
1991;20:368–74. 

135. Benito E, Stiggelbout A, Bosch FX, et al. Nutritional factors in 
colorectal cancer risk: a case-control study in Majorca. Int J 
Cancer 1991;49:161–7. 

136. Meyer F, White E. Alcohol and nutrients in relation to colon 
cancer in middle-aged adults. Am J Epidemiol 1993;138:225– 
36. 

137. Ferraroni M, La Vecchia C, D’Avanzo B, et al. Selected micro­
nutrient intake and the risk of colorectal cancer. Br J Cancer 
1994;70:1150–5. 

138. Boutron-Ruault MC, Senesse P, Faivre J, et al. Folate and alco­
hol intakes: related or independent roles in the adenoma­
carcinoma sequence? Nutr Cancer 1996;26:337–46. 

139. La Vecchia C, Braga C, Negri E, et al. Intake of selected micro­
nutrients and risk of colorectal cancer. Int J Cancer 1997;73: 
525–30. 

140. Slattery ML, Schaffer D, Edwards SL, et al. Are dietary factors 
involved in DNA methylation associated with colon cancer? 
Nutr Cancer 1997;28:52–62. 

141. Levi F, Pasche C, Lucchini F, et al. Selected micronutrients and 
colorectal cancer: a case-control study from the Canton of 
Vaud, Switzerland. Eur J Cancer 2000;36:2115–19. 

142. Benito E, Cabeza E, Moreno V, et al. Diet and colorectal ade­
nomas: a case-control study in Majorca. Int J Cancer 1993;55: 
213–19. 

143. Giovannucci E, Stampfer MJ, Colditz GA, et al. Folate, methio­
nine and alcohol intake and risk of colorectal adenoma. J Natl 
Cancer Inst 1993;85:875–84. 

144. Tseng M, Murray SC, Kupper LL, et al. Micronutrients and the 
risk of colorectal adenomas. Am J Epidemiol 1996;144:1005– 
14. 

145. Breuer-Katschinski B, Nemes K, Marr A, et al. Colorectal ade­
nomas and diet: a case-control study. Dig Dis Sci 2001;46:86– 
95. 

146. Baron JA, Sandler RS, Haile RW, et al. Folate intake, alcohol 
consumption, cigarette smoking, and risk of colorectal adeno­
mas. J Natl Cancer Inst 1998;90:57–62. 

147. Paspatis G, Xourgias B, Mylonakou E, et al. A prospective clin­
ical trial to determine the influence of folate supplementation 
on the formation of recurrent colonic adenomas. (Abstract). 
Gastroenterology 1994;106:A425. 

148. Herbert V. Recommended dietary intakes (RDI) of folate in 
humans. Am J Clin Nutr 1987;45:661–70. 

149. Chen J, Giovannucci E, Kelsy K, et al. A methylenetetrahydro­
folate reductase polymorphism and the risk of colorectal can­
cer. Cancer Res 1996;56:4862–4. 

150. Slattery ML, Potter JD, Samowitz W, et al. Methylenetetrahy­
drofolate reductase, diet, and risk of colon cancer. Cancer Epi­
demiol Biomarkers Prev 1999;8:513–18. 

151. Park KS, Mok JW, Kim JC. The 677>T mutation in 5,10-
methylenetetrahydrofolate reductase and colorectal cancer risk. 
Genet Test 1999;3:233–6. 

152. Delgado-Enciso I, Martinez-Garza SG, Rojas-Martinez A, et al. 
677T mutation of the MTHFR gene in adenomas and colorectal 
cancer in a population sample from the northeastern Mexico. 
Rev Gastroenterol Mex 2001;66:32–7. 

153. Sharp L, Little J, Brockton N, et al. Genetic polymorphisms in 
folate metabolism, dietary folate intake and colorectal cancer: a 
population-based case-control study. (Abstract). J Epidemiol 
Community Health 2001;55:A27. 

154. Keku T, Millikan R, Worley K, et al. 5,10-methylenetetrahy-
drofolate reductase codon 677 and 1298 polymorphisms and 
colon cancer in African Americans and whites. Cancer Epide­
miol Biomarkers Prev 2002;11:1611–21. 

155. Sachse C, Smith G, Wilkie MJV, et al. A pharmacogenetic 
study to investigate the role of dietary carcinogens in the etiol­
ogy of colorectal cancer. Carcinogenesis 2002;23:1839–49. 

Am J Epidemiol   2004;159:423–443 



442  Sharp and Little 

156. Ioannidis JP, Ntzani EE, Trikalinos TA, et al. Replication valid­
ity of genetic association studies. Nat Genet 2001;29:306–9. 

157. Lohmueller KE, Pearce CL, Pike M, et al. Meta-analysis of 
genetic association studies supports a contribution of common 
variants to susceptibility to common disease. Nat Genet 2003; 
33:177–82. 

158. Klerk M, Verhoef P, Clarke R, et al. MTHFR 677C→T poly­
morphism and risk of coronary heart disease. JAMA 2002;288: 
2023–31. 

159. Ulrich CM, Kampman E, Bigler J, et al. Colorectal adenomas 
and the C677T MTHFR polymorphism: evidence for gene­
environment interaction? Cancer Epidemiol Biomarkers Prev 
1999;8:659–68. 

160. Levine AJ, Siegmund KD, Ervin CM, et al. The methylenetet­
rahydrofolate reductase 677C→T polymorphism and distal 
colorectal adenoma risk. Cancer Epidemiol Biomarkers Prev 
2000;9:657–63. 

161. Marugame T, Tsuji E, Inoue H, et al. Methylenetetrahydro­
folate reductase polymorphism and risk of colorectal adeno­
mas. Cancer Lett 2000;151:181–6. 

162. Ulvik A, Evensen ET, Lien EA, et al. Smoking, folate and 
methylenetetrahydrofolate reductase status as interactive deter­
minants of adenomatous and hyperplastic polyps of colorec­
tum. Am J Med Genet 2001;101:246–54. 

163. Ulrich CM, Kampman E, Bigler J, et al. Lack of association 
between the C677T MTHFR polymorphism and colorectal 
hyperplastic polyps. Cancer Epidemiol Biomarkers Prev 
2000;9:427–34. 

164. Lenz HJ, Zhang W, Zahedy S, et al. A 6 base-pair deletion in 
the 3 UTR of the thymidylate synthase (TS) gene predicts 
TS mRNA expression in colorectal tumours: a possible can­
didate gene for colorectal cancer risk. (Abstract). Presented 
at the 93rd Annual Meeting of the American Association for 
Cancer Research, San Francisco, California, April 6–10, 
2002. 

165. Ramsbottom D, Scott JM, Molloy A, et al. Are common 
mutations of cystathionine β-synthase involved in the aetiol­
ogy of neural tube defects? Clin Genet 1997;51:39–42. 

166. Mills JL, Kirke PN, Molloy AM, et al. Methylenetetrahydro­
folate reductase thermolabile variant and oral clefts. Am J 
Med Genet 1999;86:71–4. 

167. Shen H, Xu Y, Zheng Y, et al. Polymorphisms of 5,10 meth­
ylenetetrahydrofolate reductase and risk of gastric cancer in 
a Chinese population: a case-control study. Int J Cancer 
2001;95:332–6. 

168. Dilley A, Hooper WC, El-Jamil M, et al. Mutations in the 
genes regulating methylene tetrahydrofolate reductase 
(MTHFR C-T677) and cystathione β-synthase (CBS G­
A919, CBS T-c833) are not associated with myocardial in­
farction in African Americans. Thromb Res 2001;103:109– 
15. 

169. Verhaar MC, Stroes E, Rabelink TJ. Folates and cardiovas­
cular disease. Arterioscler Thromb Vasc Biol 2002;22:6–13. 

170. Molloy AM, Scott JM. Folates and prevention of disease. 
Public Health Nutr 2001;4:601–9. 

171. Hustad S, Ueland PM, Vollset SE, et al. Riboflavin as a 
determinant of plasma total homocysteine: effect modifica­

tion by the methylenetetrahydrofolate reductase C677T 
polymorphism. Clin Chem 2000;46:1065–71. 

172. Wolf CR, Smith G. Cytochrome P450 CYP2D6. IARC Sci 
Publ 1999;209–29. 

173. Little J, Bradley L, Bray MS, et al. Reporting, appraising, 
and integrating data on genotype prevalence and gene­
disease associations. Am J Epidemiol 2002;156:300–10. 

174. Genelex Corporation. Health and DNA. Nutritional genetics 
(Richmond, Washington), 1995–2002. (http:// 
www.healthanddna.com/nutrigeneticstest.html). 

175. Sciona Ltd. Body benefits—nutrition. Havant, United King­
dom, 2003 (http://www.sciona.com/coresite/products/ 
nutrition7.htm). 

176. Wisotzkey JD, Toman J, Bell T, et al. MTHFR (C677T) 
polymorphisms and stage III colon cancer: response to 
therapy. Mol Diagn 1999;4:95–9. 

177. Edler D, Hallström M, Johnston PG, et al. Thymidylate syn­
thase expression: an independent prognostic factor for local 
recurrence, distant metastasis, disease-free and overall sur­
vival in rectal cancer. Clin Cancer Res 2000;6:1378–84. 

178. Aschele C, Debernardis D, Bandelloni R, et al. Thymidylate 
synthase protein expression in colorectal cancer metastases 
predicts for clinical outcome to leucovorin-modulated bolus 
or infusional 5-fluorouracil but not methotrexate-modulated 
bolus 5-fluorouracil. Ann Oncol 2002;13:1882–92. 

179. Etienne MC, Chazal M, Laurent-Puig P, et al. Prognostic 
value of tumoral thymidylate synthase and p53 in metastatic 
colorectal cancer patients receiving fluorouracil-based 
chemotherapy: phenotypic and genotypic analyses. J Clin 
Oncol 2002;20:2832–43. 

180. Allegra CJ, Parr AL, Wold LE, et al. Investigation of the 
prognostic and predictive value of thymidylate synthase, 
p53, and Ki-67 in patients with locally advanced colon can­
cer. J Clin Oncol 2002;20:1735–43. 

181. Sugiyama Y, Kato T, Nakazato H, et al. Retrospective study 
on thymidylate synthase as a predictor of outcome and sen­
sitivity to adjuvant chemotherapy in patients with curatively 
resected colorectal cancer. Anticancer Drugs 2002;13:931– 
8. 

182. Iacopetta B, Grieu F, Joseph D, et al. A polymorphism in the 
enhancer region of the thymidylate synthase promoter influ­
ences the survival of colorectal cancer patients treated with 
5-fluorouracil. Br J Cancer 2001;85:827–30. 

183. Marsh S, McKay JA, Cassidy J, et al. Polymorphism in the 
thymidylate synthase promoter enhancer region in colorectal 
cancer. Int J Oncol 2001;19:383–6. 

184. Pullarkat ST, Stoehlmacher J, Ghaderi V, et al. Thymidylate 
synthase gene polymorphism determines response and toxic­
ity of 5-FU chemotherapy. Pharmacogenomics J 2001;1:65– 
70. 

185. Villafranca E, Okruzhnov Y, Dominguez MA, et al. Poly­
morphisms of the repeated sequences in the enhancer region 
of the thymidylate synthase gene promoter may predict 
downstaging after preoperative chemoradiation in rectal 
cancer. J Clin Oncol 2001;19:1779–86. 

186. Ulrich CM, Robien	 K, Sparks R. Pharmacogenetics and 
folate metabolism–—a promising direction. Pharmacogenet­
ics 2002;3:299–313. 

Am J Epidemiol   2004;159:423–443 



Folate-Metabolizing Polymorphisms and Colorectal Neoplasia   443 

APPENDIX. Internet sites pertaining to folate metabolism and colorectal neoplasia 

Data on cancer incidence, survival, and mortality 

International Agency for Research on Cancer (IARC)—Cancer Mondial: 
http://www-dep.iarc.fr/dataava/infodata.htm 

Surveillance, Epidemiology, and End Results (SEER) Program: 
http://www.seer.cancer.gov/publicdata/ 

National Program of Cancer Registries (NPCR): 
http://www.cdc.gov/cancer/npcr 

Information on cancer 

Cancer Research UK: 
http://www.cancerresearchuk.org/ 

National Cancer Institute—cancer.gov: 
http://www.nci.nih.gov/ 

American Cancer Society: 
http://www.cancer.org/docroot/home/index.asp 

Genetics information 

Human Genome Epidemiology Network (HuGENet): 
http://www.cdc.gov/genomics/hugenet/default.htm 

Public Health Genetics Unit: 
http://www.medschl.cam.ac.uk/phgu/ 

Online Mendelian Inheritance in Man (OMIM): 
http://www3.ncbi.nlm.nih.gov/Omim/searchomim.html 

GenAtlas: 
http://www.dsi.univ-paris5.fr/genatlas 

GeneCards: 
http://www.cgal.icnet.uk/genecards 

National Center for Biotechnology Information: 
http://www.ncbi.nlm.nih.gov/ 

UK Human Genome Mapping Project (includes links to other sites via The Genome Web): 
http://www.hgmp.mrc.ac.uk/ 
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